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TECHNIQUES FOR FABRICATING AND PACKAGING 
MULTI-WAVELENGTH SEMICONDUCTOR LASER ARRAY DEVICES (CHIPS") 
AND THEIR APPLICATIONS IN SYSTEM ARCHITECTURES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority from the following U.S. 
Provisional Applications, the disclosures of which are incorporated by 
reference in their entirety for all purposes-: 

Application No. 60/059,445, filed September 22, 1997, of 
Mohammad A. Mazed, entitled "TECHNIQUES FOR FABRICATING AND PACKAGING 
MULT I - WAVELENGTH SEMICONDUCTOR LASER ARRAY DEVICES (CHIPS) AND THEIR 
APPLICATIONS IN SYSTEM ARCHITECTURES " (Attorney Docket No. 18579-1); and 

Application No. 60/053,560, filed October 28 , 1997, of 
Mohammad A. Mazed, entitled " TECHNIQUES FOR FABRICATING AND PACKAGING 
MULTI -WAVELENGTH SEMICONDUCTOR LASER ARRAY DEVICES (CHIPS) AND THEIR 
APPLICATIONS IN SYSTEM ARCHITECTURES " (Attorney Docket No. 18579-1-1) . 

BACKGROUND OF THE INVENTION 

This application relates generally to optical communications 
and more specifically to techniques for manufacturing and packaging multi- 
wavelength distributed feedback (DFB) semiconductor laser (laser diode) 
arrays. All patent documents and other publications referred to herein 
are incorporated by reference in their entirety for all purposes. 

Everywhere around the world, the ways people connect - through 
voice, video, and data - are radically changing through rapid advances of 
communication (telephony and computing) technologies. These technologies 
may vary widely in applications, yet every technology shares a common 
need: an ever- increasing need for more and more speed and bandwidth from 
10 Mbit/sec to 100 Gbit/sec and beyond. The need for increasing bandwidth 
is equally compelling both in wireless and fiber-optic transmission 
networks . 

While wireless technologies deliver freedom to communicate 
without any wire, they may be limited to only low to moderate bandwidth 
applications at the present time. For high bandwidth applications (beyond 
10 Gbit/s) , wired fiber-optic technology appears to be the only cost- 
effective solution at this time. For over a century standard copper cable 
has been used for telecommunication, but fiber-optic (cylindrical conduits 
of glass) can transmit voice, video, and data 100 times faster than 
standard copper cable. Unfortunately, only a minute fraction of the 



PCT/US98/1917S 



capacity of fiber-optic technology has been realized as of today due to 
limitation of _ optical-to-electronic and vice versa conversion methods 

With the invention of the erbium-doped optical fiber 
amplifier, the need for optical-to-electronic conversion in the networks 
is minimized. Thus by maintaining signal in the optical format and 
^™ " WaVSlength divi3ion -Itiplexed/demultiplexed technology 
WDM/WDDM, or sometimes simply WDM) - multiple different wavelength 

ZlTaTl^ ° n S£Parate ^ dlStinCt ™*«Sth.> °-r the same 

optical-fiber, a large aggregate bit rate can be achieved. 

Allowing a uniform amplification across many wavelengths it 
is possible to transmit more than 40 wavelengths (assuming a 100 GHz 'or 
0 8 nm wavelength separation with each wavelength operating at a bit rate 
of 2.5 Gbit/s to 10 Cbit/s) . WDM systems that are being manufactured 
today utilize discrete wavelength-specific components 
(transmitters /multiplexers and filters/demultiplexers) . 

Current wavelength normalized and average WDM system price per 
wave ength is on the order of $60 ,000 for ultra long-distance (approx S00 
km) telecommunication applications and on the order of $ 25,000 for short- 
distance (approx SO km) telecommunications applications. As the price of 
WDM components drops and the cost of deploying WDM technology becomes 
economical, it becomes possible to deploy WDM technology in the 
metropolitan, local telephone, fiber- to -the -home, and data communication 

Linear and curved gratings are the key elements of many 
feirt ™! e , and PaSSiVS ° Pt °- eleCt -»- <*v±ce., such as distributed 
feedback (DFB) lasers, distributed Bragg reflector (DBR) lasers, unstable 
resonator lasers with curved gratings, vertically focused lasers, and 
filters. These advanced devices play significant roles in the fiber-optic 
communication systems for telephony, and computing. 

There are a number of known techniques for fabricating 
gratings of _ the type required, but they are typically characterized by a 
number of disadvantages. For example, direct write electron beam 
lithography has the advantages of fine pitch control and the ability to 
produce quarter-wavelength or finer phase shifts and arbitrary shaped 
gratings. However, it is charactered by high equipment expense and low ' 

hroughput, and subjects the wafers -to potential material damage due to 
the impingement of the energetic electron beam. Other approaches using a 
binary phase mask have the advantages of high throughput, fine pitch 
control, and the ability to produce quarter-wavelength or finer phase 
shifts and arbitrary shaped gratings. However, they can be characterized 
by complex fabrication procedures, and are limited to grating pitches 
commensurate with the mask pitch (say 2 00 nm) . 

SUMMARY OF THE INVENTION 

nh t T !" PreSSnt invention P—ides a robust process to manufacture 

Phase masks which can be used to make both linear and curved gratings of 
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single or multiple submicron pitches (including continuously varying 
pitches) , with or without any abrupt quarter-wavelength shifts (or 
gradually varying f iner phase shifts) simultaneously Qn ^ 
wafer/substrate. This allows practical commercial fabrication of multi- 
wavelength laser diode arrays (laser chips) . The invention also provides 
techniques for fabricating durable and reliable laser chips, efficiently 
packagmg them and interfacing them to laser driver chips. The laser 
ch^ps can be made using standard semiconductor processes, although 
embodiments of the invention further enhance some of such processes to 
provide improved manufactur ability and laser chip reliability. 

The present invention utilizes direct write electron or ion- 
beam lithography of two times the required • submicron pitches of linear and 
curved gratings (with or without phase-shifted regions) on commercially 
available * phase-shifting material on a quartz substrate and wet or dry 
etching of the T phase-shifting material. Wet or dry etching of the , 
phase-shifting material produces an exact T phase shift which is necessary 
to produce a zero order nulled * phase-shifted phase mask. In an 
alternative embodiment, a * phase-shift mask is produced by direct writing 
on a quartz substrate and etching the quartz substrate to a very precise 
depth to cancel the zero order beams (transmitted and diffracted) The 
invention thus relaxes critical pitch dimensions for electron or ion-beam 
lxthography fabrication of less than 200 nm pitch linear and/or curved 
gratings . 

The present invention also provides an improved ridge laser 
structure having metal shoulders on either side of the laser -s active 
region. The shoulders are formed over an insulating layer, but one of the 
shoulders is electrically connected by contact metal to the ridge 
waveguide semiconductor material. 

The present invention also provides an improved technique for 
coupling the information-bearing signal to the laser chip with- very high 
fidelity. This is achieved by designing a circuit that can carry multiple 
signals at very high frequencies (say 10 GHz) without interference (known 
as crosstalk) degradation. According to this aspect of the invention, 
metallized via holes connect metal structures above a substrate to a 
backside ground plane below the substrate. In one embodiment, the metal 
structures are ground lines interspersed with RF/DC transmission lines on 
the top surface of the substrate. The ground lines are perforated by the ' 
metallized vias. m another embodiment, the vias can be disposed in pairs 
distributed along the RF/DC transmission line, with one via in each pL 
on one side of the RF/DC transmission line and the other via in the pair 
on the other side. The metal structures in this case can be individual 
wire arches overlying the RF/DC transmission line and extending into the 
vias on either side. 

A further understanding of the nature and advantages of the 
present invention may be realized by .reference to the remaining portions 
of the specification and the drawings. 



phase mask, 



VVW ^ /A5934 PCT / US98/19178 

4 

BRIEF DESCRIPTION OP THE DRAWINGS 
Fig. 1A shows a multi-wavelength distributed feedback (DFB)- 
ridge laser array according to a four-laser embodiment of the invention; 
Fig. IB shows an eight-laser embodiment; 

Fig. 1C is a more detailed view of one of the DFB ridge lasers 
m the array; 

Fig. 2A shows the structure and operation of a binary 
intensity mask; 

Fig. 2B shows the structure and operation of a * phase-shifted 

Figs. 3A-3G show the fabrication steps for a first method of 
making a tt phase- shifted phase mask; 

Figs. 4A-4G show the fabrication steps for a second method of 
making a tt phase-shifted phase mask; 

Fig. 5A shows the use of a tt phase-shifted phase mask to 
expose a substrate ; 

Fig. SB shows constant pitch and variable pitch linear and 
curved gratings that can be made using a , phase-shifted phase mask; 

Figs. 5C and 5D show applications of curved gratings- 
Figs. 6A-SH show the fabrication steps for a method of making 
a laser chip; 3 

Figs. 7A and 7B are top and side sectional views of a laser 

chip module; 

Fig. 7C shows a tapered transmission line; 

Fi9 - ?D iE 3 fr Wntary top view showing'an alternative fiber 
tube arrangement; 

r ^ , Fi9 - 8A iS 3 tOP Plan View showin 9 additional implementations 
of the laser chip module; 

Figs. SB and 8C are detail views of implementations of 
isolation for the RF/DC transmission lines; 

Fig. 8D is a fragmented top plan view showing an alternative 
external optical isolation scheme; 

Fig. 9 is an exploded oblique view showing an alternative 
embodiment of the laser chip module; 

Figs. 10A is a circuit schematic showing a drive system for 

the lasers; 

Fi 9" 10B sh ° w * ^ alternative scheme of electrically driving 
the laser array; a 

Fig. 11 shows an embodiment of the multi -wavelength laser 
array module in a metropolitan area telephone network; and 

Fig. 12 shows an embodiment of the multi -wavelength laser 
array module in a local area network. 
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DESCRIPTION OF SPECIFIC EMBODIMENTS 
1.0 Distributed Feedback (DFB) Laser Structural Overview 

* „k , , Fi9 " ^ " 3 SChematic View of a tmxlti-wavelength distributed 
feedback (DFB) ridge laser diode array 10, according to an embodiment of 
the present invention. Laser array 10 is sometimes referred to as the 
laser chip. Laser chip io includes a plurality, in the shown specific 
embodiment four, of ridge laser diode elements, designated 10a, 10b 10c 
and lOd on a single substrate. Each ridge laser diode element, sometimes 
referred to sxmply as a laser, is configured to emit light at a different 
wavelength, the wavelengths being designated ^, x 2 , X 3 . and X 4 The 
lasers have respective associated gratings 15a-l5d, the respective pitches 
of which determine the lasers ■ respective wavelengths. As will be 
described below, the technology of the invention facilitates etching 
gratings of different pitches on the same substrate. The number of lasers 
can be smaller or larger (say 8, as shown in Fig. ib) . 

Laser chip 10 is shown in a particular orientation that 
defines what are referred to as top and bottom; however, as will be 
described below, the laser chip is preferably inverted before being 
mounted on a substrate in a module so as to improve the heat transfer. 

In the specific embodiment, the laser wavelengths are in the 
neighborhood of 1555 nm, for which many current fiber-optic communications 
modules and systems are configured. The wavelengths are spaced by 
approximately 3.2 nm, which corresponds to grating pitches spaced by 
approximately 0.5 nm. For example, an embodiment of the laser chip with 
grating pitches of 238.5 nm, 239.0 nm, 239.5 nm, and 240.0 nm provides 
operation at wavelengths of 1548.82 nm, 1552.02 nm, 1555.22 nm and 
1558.42 nm, respectively. it is also possible to have the wavelengths . 
spaced by 0.8 nm or 1.6 nm . 

The invention's ability to fabricate gratings of different 
Pitches on the same chip translates to an important advantage, namely the 
ability to provide a multi -wavelength DFB laser chip. The chip can be 
operated with any one wavelength selected at a given time, or with all 
wavelengths transmitting simultaneously, depending on the application it 
is noted that the ability to transmit multiple wavelengths simultaneously 
from a single chip makes it possible to reduce the cost of WDM systems 

It is further noted that the invention's ability to fabricate 
gratings of different pitches on the same chip also provides advantages in 
connection with the fabrication of individual laser diodes. The ability 
to have gratings of multiple pitches on the wafer before the wafer is 
scribed into chips allows a single wafer to be scribed into multi- 
wavelength laser array chips, or into single-laser chips, resulting in 
lasers with different wavelengths from the same wafer. 

Undesirable optical, thecal, and electrical cross-talk among 
the lasers is minimized to some extent by physically separating the lasers 
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by approximately 50 o microns on the laser array chip and by Arming _ 
isolation trenches 17 between adjacent lasers. 

Fig. 1C is an enlarged view showing one of the lasers, say 
laser 10a. The laser ■ s active region 20 is formed within a body of 
^.conductor material. The laser is referred to as a ridge laser because 
the body is formed with trenches 22 and 23 on either side o£ the active 
region 2 0 to define a ridge 25 overlying grating 15a. A pair of me al ' 
shoulders 2 ,a and 2 ,b are formed outboard of trenches 22 and 23. te uppet 

■ biiid rr ct t 1 30 ,p * o ° nta=t, ° verii - tte ^ »^ ■ ^ 

(backside) layer of contact metal 3 2 ,„ t contact, is deposited on the 
bottom of the chip, contact metal 30 is continues downwardly through and 
out of trench 22 . and overlies shoulder 2 7a to provide a bonl pad 35 The 
figure also shows schematically the various layers of the laser and its 

"verT 910 "' T "T" ™ " * l ~ °W 

layer 45 an active (cjuantum well, layer 47, a grating layer 50, an upper 

in o ST 3 P+ °° ntaCt = 5 - » «=^d 

ae In n d'T ^ 9 " tin9 lay "' ^ thSir »*«"v. P"ches 
define the individual laser wavelengths. Grating 15. is shown as a 
hatched portion of grating layer 50. 

Representative dimensions for a specific embodiment are 
provided for the purpose of illustration only in order to provide context 

I' ! "—I"- below. L aser chip !0 is approximately 0 1 

long (length of laser cavity, by 2 .0 mm wide, so that the individual ridge 
laser diodes are spaced by 0.5 mm (500 microns) . while these are 
macroscopic dimensions, the structures illustrated are microscopic For 
-ample ridge 2 5 is about 4 microns wide, trenches 22 and 2 3 are each 
about 30 microns wide, and shoulders 2 7a and 2 ,b are each about 2 „ microns 
wide The trenches 17 are absent 1.5 microns deep and the shoulders are 
about 2 microns thick. 

th . . WhilS Vari ° US layers of the chiP -xtend over substantially 

the whole area of the chip, the grating pattern is formed over only a 
small area of the grating layer (say about 10 microns wide) and the active 
region of each laser underlies its respective ridge. The grating 

Z aTth d 0-05 ^ d£Pth ^ ^ diSP ° Sed ab ° Ut °- 

beneath the ridge and about 0.05 microns above the active layer The 
active layer itself is about 1 micron thick. 

The following sections in this specification describe various 
aspects of the technology embodied in laser array 10. m particular, the 
following description will include details of fabricating and using a 
Phase mask, using the phase mask to make the grating, fabricating the 
laser chip with the gratings of multiple pitches to support m ulti- 
wavelength operation, providing isolation between channels, and packaging 
and incorporating the laser chip in a module. 9 
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2.0 Phase Mask for Making Grating 

2.1 Comparison of Phase-Shift Mask and Binary Intensity Mask 

A phase-shift mask, usually referred to as a phase mask is 
used in connection with defining the grating pattern in layer 50 of the 
laser chip. A phase mask provides the advantage that the mask can be 
fabricated with twice the pitch of the desired grating features, thereby 
allowing finer gratings than would otherwise be possible. This can best 
be understood with reference to the following comparison between a 
standard binary intensity mask (BIM) and a phase mask. As will be 
described below, the invention uses the property of a net tt phase shift 
(based on scalar optics) allowing only symmetric m= + l and m-l beams to ' 
interfere where the zero-order beams cancel, giving rise to a spatial 
frequency doubling. 

Pig. 2A shows, in four registered segments, the structure and 
operation of a binary intensity mask SO. The first segment of the figure 
shows mask 60, which includes a transparent substrate 62, such as quartz 
on which are deposited regions of opaque material 65, such as chromium. ' 
The pattern of the opaque material defines the pattern to be replicated in 
a layer on a semiconductor device. The pattern is characterized by a 
pitch, or alternatively by a spatial frequency that is the reciprocal of 
the pitch. 

The second segment of the figure is a plot showing the 
electric field at mask 60 as a function of distance along the mask 
surface. As can be seen, the electric field along the direction of mask 
60 has alternating regions of maximum amplitude and zero amplitude 
corresponding to the transparent regions and opaque regions, respectively. 

The third segment is a plot of the .electric field on the 
wafer. Due to interference and other effects, the electric field on the 
wafer is generally sinusoidal about a positive offset, alternating between 
zero and a maximum amplitude, with a spatial frequency equal to the 
spatial frequency of the mask pattern. 

The fourth segment is a plot of the resulting intensity on the 
wafer. The intensity on the wafer is given by the square of the electric 
field, which can be seen to have the same spatial frequency as that of the 
pattern on mask .60. 

Fig. 2B shows, in its corresponding four registered segments, 
the structure and operation of a phase' mask 70. Mask 70 is at least 
partially transparent over a portion of its surface, but includes 
alternating portions 72 and 75 representing an optical path difference 
through the mask. The pitch of these alternating portions is denoted A. 
In a particular embodiment, the phase shift is tt radians. Accordingly 
mask 70 is referred to as a tt phase-shifted mask. Two embodiments of the 
mask will be described below : one (denoted 70P below) in which the mask 
comprises a substrate 77, and wherein regions 75 are defined by a separate 
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layer, of predefined thickness, of phase- shifting material; and one 
(denoted 70Q below) in which the material is monolithic quartz. 



The second segment of the figure is a plot showing the optical 
electric field at mask 70 as a function of distance along the mask 
surface. As can be seen, the electric field along the direction of 



the 



, dJ-ung cne direction of ma 

70 alternates about Z ero with a spatial frequency corresponding to the 
spatial frequency of the mask pattern (i.e., a pitch of A) . 

The third segment is a plot of the electric field on the 
wafer. Due to interference and other effects, the electric field on t. 
wafer is generally sinusoidal, oscillating about zero with the same 
spatial frequency. 

The fourth segment is a plot of the resulting intensity on the 
wafer. The intensity on the wafer is given by the square of the electric 
field, and since the electric field oscillates about zero, the intensity 
is periodic at twice the spatial frequency as that of the pattern on mask 
70 (i.e., a pitch of A/2). 

2.2 Fabrication of Phase Mask Using Phase -Shifting Material 

Figs. 3A-3G show the fabrication steps for a first method of 
making a zero-order nulled , phase-shifted phase mask, designated 70P 
using phase-shifting material. Blanks of such phase- shifting material are 
commercially available. A suitable material would be an embedded 
i-lme/365 nm 6% transmission or 9% transmission phase-shift blank, 
available from DuPont Photomasks Inc. 

Pig. 3A is a schematic top view of phase mask 70P. The mask 
designed in the specific embodiment for use with two- inch wafers has a ' 
generally opaque peripheral region 102 and a central region 105 containing 
the phase mask elements for exposing the grating patterns on the wafer 
in this instance, only a quarter of the wafer would be exposed at a time- 
m other embodiments, the mask could be large enough to cover the whole ' 
wafer. The regions containing the grating patterns, designated 110, are 
referred to as the grating stripes. They are denoted schematically as 
■ solid lines since they are only a few microns wide (10 microns in a 
specific embodiment) but extend from one edge of central region 105 to the 

» Trln I' t S mSnti0ned abOVS ' 9ratin9S ^ ° n ^^-mm centers ,500 

microns) , which means that there would be on the order of 50 grating 
stripes on the portion of the mask rather than the smaller number shown 
Each stripe -s grating pattern extends perpendicular to the direction of 
the stripe, as shown in the magnified portion. For the particular 
embodiment, the grating patterns are in repeating sequences of four 
corresponding to the four wavelengths X,, X 2 , and x The 

portion also shows, in highly stylized form, the fact that the grLing 
patterns can be made to incorporate a phase-shifted region, such as a\/ 4 
Phase-shifted region. Phase-shifted regions are shown schematically as 
being spaced at 0 . 5 mm, which corresponds to the length of the laser 
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cavity (one such phase shifting region is centered in the cavity, as will 
be described in detail below) . 

Fig. 3B is a sectional view of a i phase-shift blank that 
includes a quartz substrate 120 and an overlying layer of phase-shifting 
material 122. This view is taken along line 3B-3B of Pig. 3 A (it should 
be understood that Fig. 3A shows the finished phase mask while Fig. 3B 
shows an early stage in the fabrication. 

Fig. 3B shows the phase-shift blank having been coated with a 
layer of light sensitive material (such as photoresist) 125 and the 
photoresist having been written directly using electron or ion beam 
lithography so as to expose regions 130a-130d, which will be used to 
define grating stripes 110 on the finished phase mask. The portion of 
Fig. 3B corresponds to a width on the phase mask that is slightly more 
than that of a single four-wavelength chip on the wafer that will be 
exposed using the phase mask. The exposed regions (drawn cross-hatched) 
are greatly exaggerated since they are only about 10 microns wide at a 
center separation of about 1/2 millimeter (500 microns) . As such it 
shows four exposed regions, corresponding to the four lasers that will 
constitute a four-laser chip. 

Fig. 3C shows a sectional view taken along line 3C-3C in Fig 
3B. The drawing shows the exposed portions of region 130a that will 
define the actual grating. These exposed portions are designated 130a-l 
130a-2, etc. This drawing is also not drawn to scale, since the features 
as seen from this angle are sub-micron (at twice the pitch of ' the gratings 
on the chip) . The pitch of exposed portions is denoted A as in Fig. 2B, 
which, as discussed above, corresponds to a pitch of A/2 on the exposed' 
wafer . 

One possible implementation of this process can use "a single 
layer photoresist of 950K molecular weight 2% to 5% PMMA (200 nm - 500 nm 
thick) with an overcoat of 10 nm aluminum metal on the polymethyl methyl 
acrylate (PMMA) to reduce surface electrical charging on the phase- 
shifting material due to the insulating nature of the tt phase-shifting 
material (on a 90 mil thick quartz substrate) . Alternatively, a tri-layer 
photoresist comprising a 2% PMMA 200nm top layer, an evaporated germanium 
or silicon lOnm middle- layer, and a 180°C baked photoresist 200nm bottom 
layer (180°C baked photoresist spun on first) can be deposited on the tt 
phase-shifting material (on a 90 mil thick quartz) . The concept of tri- 
layer photoresist was described in the article Howard et al . , IEEE 
Transactions of Electron Devices ED-28 (11) i 98 l pp 1378-1381. 

The direct writing of the pattern can be performed in multiple 
passes with reduced electron or ion beam intensity. The desired pattern 
can be written on the photoresist by a multi-pass electron or ion beam 
lithography at 50 KV or 100 KV . The full exposure dose can be divided 
oyer many passes to reduce non-uniformity and stitching errors during the 
electron or ion-beam writing. 
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Figs. 3D and 3E are sectional views showing the photoresist - 
coated phase-shifting material after development of the photoresist As 
can be seen, the regions of photoresist exposed by the electron or ion 
beam have been removed by the development step, leaving bare regions 135a- 
135d of phase-shifting layer 122. These bare regions are segmented at the 
phase mask pitch as shown in Fig. 3E, and the individual segments are 
denoted 135a-l, 135a-2, etc. 

in the case of the single layer PMMA, the aluminum layer can 
be etched in an aluminum etching solution first, then the PMMA is 
developed by 1:1 volume ratio of methyl isobutyl ketone : isopropanol, and 
finally rinsed with isopropanol and dried in nitrogen. 

In the case of the tri-layer resist process, the PMMA is first 
developed in 1:1 volume ratio of methyl isobutyl ketone : isopropanol 
rinsed with isopropanol and dried in nitrogen. ' The sample is then etched 
m deionized water to remove native oxide on the germanium layer, then the 
germanium or silicon is dry etched by low pressure reactive (or 
magnetically enhanced) ion etching in a pure CF 4 plasma. The hard baked 
180°C photoresist is etched by low pressure reactive (or magnetically 
enhanced) ion etching in pure 0 2 plasma. 

Figs. 3F and 3G are sectional views showing the finished phase 
mask after etching bare regions 135a-135d of phase -shifting layer 122 to 
replicate the pattern in the phase-shifting material, leaving bare regions 
140a-140d of substrate 120. These bare regions are segmented at the phase 
mask pitch as shown in Fig. 3G, and the individual segments of region 140a 
are denoted 140a-l, 140a-2, etc. The etching is preferably done by a 
process that etches the phase-shifting material down to the quartz 
substrate, but does not significantly etch the quartz substrate. 

In the case of a single layer PMMA, the submicron pattern on 
the tt phase-shifting material can be wet etched utilizing diluted 
commercial chromium etchant . In the case of the tri-layer resist the tt 
phase-shifting material can be etched by mid pressure reactive ion etching 
(or magnetically enhanced) in a ci 2 (80%) and 0 2 (20%) gas mixture plasma 
Final removal of the 180°C baked photoresist can be done by using a 
commercial photoresist stripper, high pressure reactive ion etching in 
pure 0 2 gas plasma. 

The phase mask is then subjected to final surface preparation 
and deposition of a backside antiref lection coating 142 . 

If desired, chromium can be deposited over the portions of the 
Phase mask other than the grating stripes, using standard deposition and 
liftoff techniques. This can be easily done after etching the grating 
patterns. If done after, the etched grating stripes must be covered with 
photoresist so that the deposited chromium can be lifted off the regions 
of the grating stripes. Note that where chromium etchant is used to etch 
the grating patterns in the phase -shifting material etching it is 
generally not suitable to pattern the chromium by deposition and 
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subsequent photolithography and etching, since chromium etchant win also 
etch the phase-shifting material. 



2 . 3 Fabrication 



of Phase Mask Using Direct Etching 



differs from the first method des „ ibed ^ . pat :;^°J or the 

ii:r n ! r et in 1 quartz biank rather tha - in p>»--3hi £t ^ US! 

! "/I' b T rtZ T 3 '""- ^ iS °^-lly chromium- 

pxated (as are binary photomask blanks) . 

Fig. 4A is a schematic top view of phase mask 70Q. The mask 
« primarily opaque (chromium coating) with grating stripes 145 diLo^d 
« a central region of the mask. As in the case of phas! mas^ 70P o^ 
garter of the wafer would be exposed at a time. AlL, as Zl ' th ? " " 
stripes are denoted schematically as solid lines, each stripe- s J^L 
pattern extends perpendicular to the direction of the st ri s 

. ^nified portion, and the grating patterns are int ^i ^ 
of four, corresponding to the four wavelengths X ±l X 2> JL 3 . and I 
Fig. 4B is a sectional view of a portion of * 

chromium BJ . This view is taken ilong UM 4B . 4B of ^.^at LuL 
be understood that Fig. « shows the finished phaae ratl 3 >h . le ( ^ 
shows an early stag. i„ the fabrication) . Fig. 4B shows the bl,„k'„ 
been coated with a layer of photoresist l5 3 and the pnL i WnT" 9 

- «. finished phase mask. As in ^^^T^TJ" 
Fig. 4B corresponds to a width on the phase mask that is slightly ml 
than that of a singie four-wavelength chip, the exposed t ! " ^ 
cross-hatched, are greatly exaggerated, and shows four expos d reg Z 
corresponding to the for lasers that will he on the finked chip 
S - , PI ° CeSS be3inS " ith P r «P«"ion of 950K molecular weight 

S« PHm ,500 n„, on a 9 0 mil thick chromium-plated guarts plate t Z t 
-1 hickness was chosen Because it does not how significantly ov r t 1 
and temperature) . Electron or ion-beam lithography c,„ be utilised to 
direct write edge alignment cross marks and stripe opening «S micron w'H 

blank. The alignment cross marks and strip, openings can be wet etched 
r °™ al * ^tain high contrast alignment 

cross marks for electron beam lithography, Cr and Au 15 „,„„ 9 ™* mt 
evaporated on the selected areas of th! ^ ST 

oe Hfted off and the chromium-coated blank rinsed with i.oomn»„„i ,, 
P asma ashed utilising o 2 gas to remove any surface resiau To 

photoresist. 
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. , 40 13 a sectional view of the portion of the blank after 

the development of photoresist 157 and etching of the exposed chromium in 
the regions corresponding to exposed regions 155a-155d in the photoresist. 
The chromium portions remaining between the stripe regions will remain on 
the finished phase mask. 

_ The blank, with the chromium having been removed in the stripe 
areas, is then coated with photoresist and the grating patterns are 
written into the photoresist as described above in connection with the 
fabrication of mask 70P. 

in , h . Utili2in 9 the — pt of a tri-layer photoresist as described 
m the above-mentioned Howard et al. article, a tri-layer photoresist 
procedurecan be prepared on the 90 mil thick quart, substrate as follows: 
200 nm thinned AZ S214E photoresist (AZ 5214E diluted in photoresist 
thinner) baked at 18 0 o C for an hour, then 10 nm thick germanium or silicon 
was deposited m a high vacuum evaporation system, followed by a s P un-on 
950K molecular weight 2% pmma (200 nm thick) and baked again at 1 60 °C for 
half an hour. Electron or ion-beam lithography can be utilized to direct 
write the desired pattern at twice the required actual pitches of the 
gratings . 

As above, direct writing of the pattern is preferably 
performed in multiple passes with reduced electron or ion beam intensity 
Specifically, instead of writing the gratings with a single-pass full- 
electron or ion-beam exposure dose, the gratings are written in multiple 

IZll Tf Tl n ° f SleCtr0n " i0n - bSam eXP ° SUre d ° Se at of 
passes) of the full exposure dose to minimize field and/or sub-field 

stitching errors in the gratings. Doses can also be varied from the 

chromium/quartz boundary to the center of the quartz to obtain a uniform 

grating pattern. Exposed PMMA can be developed in la volume ratio of 

methyl isobutyl ketone : isopropanol developer, and finally rinsed with 

isopropanol and dried in nitrogen gas. 

,-1 . , i , , Fi f- 4 ° ^ 4E are sec tional views showing the photoresist- 
coated blank after development of the photoresist . As can be seen the 
regions of photoresist exposed by the electron or ion beam is removed by 
the development step, leaving bare regions 157a-157d of quartz substrate 

P a" 3E „ r ^ Se9mented ^ ^ maSk * itch " *o«n - 

Fig. 3E, and the individual segments are denoted 157a-l, 157a-2 etc 

Figs. 4F and 4G are sectional views showing the finished phase 

mask after etching bare regions 157a- 1 57d of quartz to replicate the 

pattern in the photoresist 153, leaving regions l 6 0a-160d of reduced depth 

substrate These etched regions are segmented at the phase mask pitch I 

shown m Pig. 4G, and the individual etched segments of etched region « a 

are denoted ISOa-l, 1SO a-2, etc. The etching is preferably done by a 

process that etches the quartz substrate to a depth corresponding to a „ 

re"l 1 f" ^ re9i ° nS ^ ' ' ^ al --ating unLhed 

regions of quartz material therebetween ultimately define the grating 
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cruartz ^ ^ ^ ^ * ^^^^ tri-layer photoresist, the 

quartz plate can be etched briefly in deionized water and dried in 
nitrogen to remove native germanium oxide on the germanium. In both 
germanium-based and • silicon-based tri-layer photoresists, the germanium or 

nn 1CO T n ^ £tChed ±n 3 PrSSSUre rSaCtiVe <~ -gneLcali; 

enhanced) etcher utili zing C F 4 gas plasma . The underlayer Qf hard ^ 

photoresxs can be etched sequentially in a low pressure reactive ion (or 

I etcher utilizin9 ° 2 gas plasma and the ™ 

etched to the desxred precise depth to obtain the desired T phase shift in 
a low pressure reactive ion etcher (or magnetically enhanced reactive ion 
etcher) utxlxzxng a CF, - Ar mixture . Depth can fae Controlled 

ZIT7 ^ StCh tim6 ' Pr ° filing ^ StCh dSpth in the Mature 
areas and emxssxon spectroscopy of the etch gas by-products during the 
etch. Fxnal removal of the 180 -C baked photoresist can be accomplished by 
usxnga .commercially available photoresist stripper, high pressure " 
nanos^Ip! 011 " ^ ° 2 ' ^ *"* c °™"ially available 

and H ■.-•^ PhaSS ^ " ^ SUbjected to surface preparation 

and deposxtxon of a backside antiref lection coating 162. 

3.0 Grating Fabrication and Possible Geometries 

above u^d Fi9 ' 5A Sh ° WS PhaSe maSk 70 ' WhiCh ^ be bleated as shown 
above, used xn connection with exposing a photoresist-coated (say, 40 nm 
thxekness of photoresist) wafer 1S3 with a normally incident beam of 
coherent or non-coherent light, designated i 65 . This exposure and 
subsequent processing is for the purpose of forming the grating pattern in 
9 ra x ng layer 50 (Fig . lc) _ in fche iaser ^ ^ 

contact or near contact with the wafer (the case of near contact is 
InSuI" tli \ illUStrated) • Als ° ^ -e the various diffraction orders 
ZTTeZ and m Ih ° rd£r ^"^"^ bSam 16Sa ' ^ - 1 

sTl I', To d 6 m= H +1 ,° rder diffraCt£d ^ to the ff phase 

Ts b anl 6 s ° I dlffraCtSd is and the first order beams 

of th , T t0 f0rm ima9e - AS diSCUSSed nature 

of the phase mask is that the patterns on the wafer have a spatial 

frequency that is twice that of the pattern on the phase mask. That is 

the pxtch of the grating pattern on the phase mask is twice the 

desxred/designed grating pitch. After exposure, the photoresist is 

developed, and the grating pattern etched in the wafer using a standard 

wet or dry etching .process . 

, n . Advantages of using a phase mask with normally incident 

.llumxnatxon in addition to achieving finer patterns, include the ability 

rir™ 3 of different pitches » ^ - - 

that can h ^ " ■ ^ ^ P ° SSible ^ing configurations 

that can be made usxng processes according to the invention. A linear 
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grating 170 is shown having segments 172 and 173 of a constant pitch A 
separated by a A/4 phase-shifted region 175. Embodiments of the laser 

11 aC H rd " 9 ^ inVenti ° n inClUdS mUltipl£ line - satl^, each 

wath a X/4 phase-shifted region, wit h each grating having a different 
patch to support multi -wavelength operation. 

A curved grating 180 is shown having constant -pitch curved 
gratang segments 182 and 183 separated by a A/4 phase-shifted region 185 
A Ixnear grating 190 is shown having segments 192 and 193 of a first " 
constant pitch, designated A small , separated by a segment 195 of a larger 
patch, desxgnated A large . A curved grating 200 is shown having curved 
gratxng segments 202 and 203 of a f irst pitch A BBall , separated by a 
curved gratxng region 205 of a larger pitch A lar e 

Figs. 5C and 5D show representativfapplications of curved 
gratxngs. As mentioned above, the laser chip illustrated in Fig 1A uses 
four straight gratings of different pitches, each with a X/4 phLe-shl d 
regxon. The applications shownin Pigs. 5C and 5D can be used with many 
afferent k inds of lasers, and in these cases, the goings are outsoT 
the laser cavxtxes. Fig . 5C shows a vertically focus las£r 
confaguratxon wxth a laser diode 210 and a curved grating 212 to provide 
focus at a spot 213. Fig. 5 D shows a high-power unstable resonator laser 
daode confaguratxon with a laser diode 215 (having curved mirrors 21S 
216b) and a paxr of curved gratings 217a and 217b. 

4.0 Laser Chip Fabrication 



and 



4.1 Patterning and Etching Process 

X " CUrrSnt im P leraentat ^s, the laser chip fabrication begins 
wxth the purchase of a commercially available laser diode wafer from T 



— "«■"-< xaacx aioae water from a 

supply, such . EPI , located in Londonderryj Hew te Wafers may 

startxng from the top: ^ ' 



p+ doped top metal contact (InGaAs) 
P doped upper cladding (InP/InGaAsP) 
grating layer (InGaAsP) 

layersr 1 " 1 " 137 " X * 9± ° n (alteiMtln 9 ^™ ^11 and barrier 

n doped lower cladding (InP/InGaAsP) 
n+ doped substrate (InP) 

ridce 1 Pi3S ' SA " 6H ^ fabric " ic » ""P» to fabricating the 

ridge laser arrays. The drawings „ e w t<J ^ _ ^ « 

h I T*7"T* , r atl7 e * a39 «"* d - *■ ««««*= -Pl-entaticns. 
laser chrps are fabricated on 2 -inch wafers. The wafers can be 
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purchased with some or ail of the layers above the grating l ayer present 
or mssing. Depending on the particular wafer the OT * ■ P rese ^ 

been removed) , and the upper layers are regrown. 9 
st an H „ „ f^. 9 *"*" 9 P a "« n = — "ched using p hi s, nask , 0 ^ 
h se" f ° t01 ri lth ° 9raPhy - -~»» of the orating patterns using the 

in: rri::;:::^ rii^r™ - - L = ■ 

covered over, however, their precise ^T^Z T 

form the ridge laser structures over the gratings. ■ 

Pig. 6A is a schematic top view showing a laser wafer 250 at 
the point where the gratings, designated 255, have been etched, the 
overling semiconductor material 257 (for example, InGaAsP/InP/mcaAs, 
regrown and the wafer suited to edge opening photolith graphic .et 
etching to locate the gratings. The regions containing the grating 
pa erns, referred to as the grating stripes, are denoted schematically as 
solid lines since they are only a few microns wide u„ m icr ons in , 

Sve Le*°at ment ' "T """" A1S °' " 

above, the gratings are on 1/2-mm centers (500 microns,, which means that 

than the smaller number shown. E ach stripe's grating pattern extends 
IIZZT " dire " i0n ° f - ^ * ^e magnified 

Fig. 6B shows the portion of the wafer after an insulating 
ayer such as silicon nitride or silicon dioxide, has been depcsi never 

Ihlnf I/th T We bee " f ™ ed * P^-"thogr,phy ana 

etching of the insulating layer. The alignment marxs are shown Is 
crosses, and are located at various locations on the wafer, m a specific 
embodiment, the alignment marxs are located every !0 or 20 chips sin e 



, , , ~~ ^ cnips . Since 

he active regions cf the laser structures occupy a small fraction Of he 
2-mm width of the chip, it is a simple matter to locate the alignmen 
marks over a portion of the chip that is removed from the active reg oas 
(say, near one of the isolation trenches) . regions 

Pig. 6C is a schematic sectional view showing a portion of 
laser wafer 250 that corresponds to a little more than one laser nip in 
width. The wafer has not been separated into individual chips, so he 
structures whose formation will now be described extend from one edge of 
be chip to the other (registered to the grating stripes,. The gratin 
stripes are shown just underlying regrown material 257 

22 and 23 T7 ^ °' ^ " af " ' ft « " Chi " 9 

between hi = — "ching more deeply 

be ween the lasers' active regions to define isolation trenches 1, < Fig 

main t K ^ Util " in9 " of reactive or 

magnetron enhanced reactive ion etching (methane and hydrogen gas mixture 

room temperature or chlorine and argon gas mixture at 300-cf LH 
etching in hydrochloric acid and water in the volume ratio of U 
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Fig. 6E shows a more localized portion of the wafer after 
deposition of a conformal insulating layer 270, which can be of a material 
such as silicon nitride, silicon dioxide, or cyclotene, and subsequent 
annealing to densify and relieve stress in the insulating material. 

Fig. 6F shows the more localized portion of the wafer after 
insulating layer 270 has been patterned and etched to remove a portion of 
the insulating layer over ridge 25 to expose a region 275 of the 
underlying semiconductor material. Two-micron wide openings, precisely on 
top of the four-micron wide ridge waveguides (utilizing the alignment 
marks) can be made by reactive ion etching utilizing a CF 4 (98%) and o, 
(2%) gas mixture. 2 

Prior to topside metallization, the semiconductor surface can 
be cleaned in low power 0 2 plasma and buffered hydrofluoric acid, rinsed 
with deionized water, and dried in nitrogen gas to remove any native oxide 
on the semiconductor surface. 

Similarly, a low-power broad-area argon ion beam or low energy 
low-pressure electron cyclotron resonance (ECR) sequential hydrogen 
nitrogen, and argon plasma can be utilized in vacuum in- situ for a short 
time to remove any native oxide on the semiconductor surface prior to 
deposition of shoulder metal and p-metal contact deposition. 

Fig. 6G shows the more localized portion of the wafer after 
metallization along the outside edges of trenches 22 and 23 has been 
carried out to define shoulders 27a and 27b (also see Fig. 1C) . 

Fig. 6H shows the more localized portion of the wafer after 
contact metal 3 0 has been deposited covering region 275 (the top of the 
ridge), the inner surfaces of trench 22, and shoulder 27a. The selective 
metallization is carried out by photolithography and metal etching or 
metal liftoff according to well-known processes. It should be recognized 
that, at this point in the processing, contact metal 30, which extends to 
bonding metal 35, only contacts the semiconductor material atop the ridge 
while it is insulated from the inside surfaces of trench 22 by insulating 
layer 270 (Fig. SE ) , while shoulders 27a and 2?b ait afcop insulating ^ 
270. It is also possible to have contact metal 30 extend to cover 
shoulder 27b, as mentioned earlier. 

Shoulders 27a and 27b and contact metal 3 0 may comprise 
conventional (Ti/Pt/Au) metal of respective thicknesses 20 nm, 60 nm and 
200 nm, deposited sequentially by either electron beam evaporation or 
sputtering. This can be utilized as shoulder or contact p-metal. An 
improved sputtered p-metal contact (Ti/TiN/Pt/Au) of sequential 
thicknesses 20 nm, 40 nm, 40 nm, and 200 nm, respectively, can also be 
utilized. 

To improve the laser diode device reliability and lifetime a 
novel metallization scheme can be utilized. m order to prevent gold '(Au) 
m the contact from diffusing into the ridge, a four-layer alternating 
structure of TiN and Pt layer can be used between the. Au and the 
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semiconductor. It i s believed that this will significantly improve the 
operating lifetime of the laser chip. 

The wafer is then thinned (backside lapped and polished) to a 
desired dimension, 110 microns in one example. In one example, prior to 
backside metallization, backside native oxide of the very fragile wafer 
can be removed in buffered hydrofluoric acid, very carefully rinsed with 
de-ionized water, and dried with N 2 , and immediately loaded into an 
electron-beam evaporator or sputtering system for backside n-metal 
contact. A low-power broad-area argon ion beam or low-energy/low-pressure 
electron cyclotron resonance (ECR) sequential hydrogen, nitrogen, and 
argon plasma can be utilized in vacuum/ in- situ for a very short time to 
remove any native oxide on the semiconductor surface prior to deposition 
of n-metal contact deposition. 

Backside n + contact metal layer 32 (Pig. 1C , can consist of 
Nx/Ge/Au/Ni/Ag/Au of respective thicknesses 5 nm, 25 nm, 50 nm, 5 nm 60 
nm, and 200 nm. This can be deposited sequentially by either electron 
beam evaporation or sputtering, and is highly reliable. An apparently 
even more reliable alternative backside metallization can be sequentially ' 
sputtered Ge/Au/Ni/ W Si 2 /Ti/WSi 2 /Au metallization of respective thicknesses 
20 nm, 5 nm, 5 nm, 50 nm, 5 nm, 50 nm, 200 nm, and is believed to be the 
preferred configuration. The backside n-metal contact was rapid thermal 
alloyed at 325°C in a nitrogen gas environment. An additional bonding 
metal (Ti/Au 50nm/200nm) may be deposited for better bonding. 

The wafers are then. scribed and cleaved into laser bars. Each 
laser bar has a length of 1/2 mm (length of laser cavities in finished 
chip), but comprises multiple wafer chips, being as wide as the wafer is 
wide at that location. In one example, the emitting facets of the laser 
bars were then cleaned with a very low-power broad-area argon ion beam or 
low-energy and low-pressure electron cyclotron resonance (ECR) sequential 
hydrogen, nitrogen, and argon plasmas for a short time to remove any 
native oxide on both facets of the laser arrays without any crystalline 
damage to the facets. 

At this point the front and back facets of the laser bars are 
coated with anti-reflection coatings. In various examples, these .coatings 
are durable and dense single-layer Gallium Gadolinium Garnet (GGG) or 
Sc 2 0 3 (scandium oxide) . m what is a presently preferred example a 
multi-layer Ta 2 0 5 (tantalum oxide) and A1 2 0 3 (aluminum oxide) dielectric 
was deposited by ion-beam assisted electron beam evaporation or sputtering 
at high deposition temperature for less than 0.1% anti-reflective 
coatings. In one example, the tantalum oxide and aluminum oxide 
thicknesses were 120 nm and 136 nm, respectively. Durable and dense 
coatings of single layer GGG or Sc 2 0 3 or multi-layer Ta 2 0 5 and A1 2 0, can 
enhance the reliability and lifetime of the laser chip. 

The laser bar is then scribed and cleaved into individual 
laser chips. The size of a four-laser mult i -wavelength DFB ridge laser 
array chip is about 2 mm x 0.5 mm (4 mm x 0.5 mm for an 8-laser chip) and 
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susceptible to damage during processing, testing, and packaging. This' 
type of handling damage can cause severe yield loss during burn-in and can 
cause reliabUxty problems in the field. After significant 
experimentation, it was found that this damage can be significantly 
r imiZed by the over1 ^ °f shoulder metal to protect the active layer 
from damage during processing, testing, and packaging. 

4.2 Process Summary 

da a «'h H ■ laSSr fabriCati ° n St ** S > «^«* ones of which were 

descried m connection with Figs. 6A - 6H above, can be summarized as 
follows . 

1 Design of multi -quantum well laser material; 

2 Epitaxial growth; 

3 Fabrication of multiple pitch gratings by phase mask; 

4 Regrowth over gratings; 

5 Identification of grating location (photolithography and etching) • 

6 Deposition of an insulator (SiN x or Si0 2 ) ; 

7 Definition of SiN x or SiO, alignment marks (photolithography and 
etching) ; 

8 Definition of ridge over gratings and isolation trench utilizing 
S!N X or Si0 2 alignment marks (photolithography and etching) • 

S Deposition of conformal low stress dense SiN x or Si0 2 or cyclotene. 
10 contact opening of SiN x or SiO, or cyclotene on top of the ridge 

(photolithography and etching) ; 
off) • Definiti ° n ° f shoulder ™^al (Photolithography and etching or lift 

12 Definition of reliable .contact metal on top of the ridge; 
(photolithography and etching or lift off) ; 

13 Au plating to improve p-metal step coverage; 

14 Lapping/thinning and polishing of the substrate; 

15 Surface preparation of the thinned substrate; 
IS Backside metallization; 

17 Metal alloying; 

18 Scribing wafer into laser bars; 

19 Facet coating of laser bars to improve performance and reliability 
and ■* ' 

2 0 Scribing laser bars into laser chips. 

4.3 Specific Laser Structures 

The multi-quantum well (MQW) separate confinement 
heterostructure (SCH) InP/lnGaAsP material structures for specific 
embodiments are fully optimized (composition and thickness) for DFB ridge 
laser array applications. The active layer width in the ridge laser is 3 
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micron, as opposed to about 1 micron active laser width in buried 
heterostructure lasers. Small variations in the active layer in the ridge 
la B er will not significantly change the wavelength accuracy for WDM 
applications. m the case of a ridge laser( ^ ^ 
the active layer; in the case of a buried heterostructure, the active 
layer is etched through. Hence the ridge laser tends to provide better 
reliability and higher wavelength yield. It is noted, however, that ridge 
lasers have a higher undesirable threshold current than buried 
heterostructures. The quantum wells are at 1% compressive strain and 
barriers are at 1% tensile strain. This strain compensation provides 
higher reliability and improves the lifetime of the laser array device 
The thickness and composition of the separate confinement layers are also 
optimized for optimum grating coupling, higher bit-rate device and 
optimum far-field pattern of the laser array device for coupling to the 
single-mode optical fibers. 

Specific implementations of the multi-quantum well (MQW) 
separate confinement heterostructure (SCH) laser chip are set forth in 
Tables 1-4 below. 



Table 1 - First Growth Design #1 
based strain compensated MQW SCH structure 
at 1.55 faa. emission wavelength 



Layer 


Material 


Composition 


Thickness 


Level 


Type 






^m 


Jim 






10 


InGaAs 


Contact cap 


0 .20 


2E+19 


p^/Zn 


9 


InP 




0 .50 


8E+1B 


p+/Zn 


8 


InP 




0.75 


8E+17 


p/Zn 


7 


In(x)GaAs (y) p 


1.15 


0 .05 


5E+17 


p/Zn 


6 


InP 




0.25 


5E+17 


p/Zn 


5 


In(x)GaAs(y)P 


1.20 


0 .10 




U/D 


4x3** B 


In(x)GaAs (y) P 


1.20 


0.0150 




U/D 


3x4* QW 


In(x)GaAs (y) P 


1555 nm PL 


0.0094 




u7d 


2 


In(x) GaAs (y) P 


1.20 


0 .10 




U/D 


1 


InP Buffer 




2 .00 


5E+17 


n/s 


0 ++ 


InP Substrate 






1E+19 


n++/S 



* Compressive strain E = + 1% 
** Tensile strain E = - l% 
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Table 2 - First Growth Design #2 
InGaAsP based strain compensated active MQW SCH structure 



Layer 


Material 


Composition 


Thicicnas s 


Level 


Type 








fim 






12 


InGaAs 


Contact cap 






p++/Zn 


11 


InP 




0.50 




P+/Zn 


10 


InP 




0 .75 




P/Zn 


9 


In(x) GaAs (y) P 


1.15 


0 . 05 




p/Zn 


8 


InP 




0 . 15 




p/Zn 


7 


In(x) GaAs (y) P 


1.15 


0 . 09 






6 


In(x) GaAs(y)P 


1.20 


0.08 




U/D 


5x3** B 


In(x) GaAs(y) P 


1.20 


0.0150 




U/D 


4x4* QW 


In(x) GaAs(y) P 


1555 nm PL 


0 .0094 




U/D 


3 


In (x) GaAs (y) P 


1.20 


0.08 




U/D 


2 


In (x) GaAs (y) p 


1.15 


0 .09 






1 


InP Buffer 




2.00 


5E+17 


n/S 


0 ++ 


InP Substrate 






1E+19 


n++/S 



Compressive strain E = • 
* Tensile strain E = - V 



Table 3 - (1*) Second/Regrowth Design Over 1.15Q Gratings 



Layer 


Material 


Composition 


Thickness 


Level 


Type 








l±m 






10 


InGaAs 


Contact cap 


0.20 


2E+19 


p++/Zn 


9 


InP 




0.50 


8E+18 


p+/Zn 


8 


InP 




0.75 


8E+17 


p/Zn 


7 


In(x) GaAs (y) P 


1.15Q 


0.05 


5E+17 


p/Zn 


6 


InP 




0.25 


5E+17 


P/Zn 



Table 3 - ( 2 *) Second/Regrowth Design Over 1.15Q Gratings 



Layer 


Material 


Composition 


Thickness 


Level 


Type 






/xm 


Mm 






12 


InGaAs 


Contact cap 


0.20 


2E+19 


p++/Zn 


11 


InP 




0.50 


8E+18 


p+/Zn 


10 


InP 




0.75 


8E+17 


.P/Zn 


9 


In (x) GaAs (y) P 


1.15Q 


0.05 


5E+17 


p/Zn 


8 


InP 




0.15 


5E+17 


P/Zn 



The main difference in the two designs set forth above lies in the 
thickness of the grating layer (single layer 5 in design #1 and layers 6 
and 7 in design #2) . The thinner layer of design #1 (0.10 microns) as 
opposed to the combined thickness of design #2 (0.17 microns), tends to 
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provide greater device speed but- ***** 

co UP u ng the output ligh : tj^mzt. ~ - *- 

5.0 Laser Chip Module 

5.1 Module Overview 

=rrH™V»"£== sr. x. 

,,..„.., « — ,u„ „",t:;,r 

located m Aliso viejo, California *"«rica, Inc., 

t nrisS i llne3 305 , ^ 1Mted as netai « :: - »/« 

In one example, the modulation current is on H,. „ j „ derate 307. 
DC bias current is on the order Lf ■ " " ^ 

simplified RP/DC shielding scheme 1 rl „ rp/dc ^Z^."" 0 " * 
bounded by qround line* n «-v, , transmission lines' 305 are 

auhstra J ,1 wi^es ^Z^^ZTZ^T " 

optimum impedance matching and ZZ^^^ " " ~ 

, h . Add ^ional elements within the module include a pair of 

thermistors 320a and 320b located on opposite sides of la I 



-not shown,, „ hi ch provides suitab L vo t ™ TZllZT^ ^ 

power emitted through the back facet I, fhi . ,, „. optical 

x.-*~ , tacet. In this embodiment, with a y /a 

phase-shifted region on the grating, both front and h.^ f 
transparent, with the grating providing theTedb v , "* 
the optical power through the LI "J ^L*?*?* Therefore 



optical power being emitted throve frcT" ""^ ^ 

~ as ^Thicht z:i^Ti^^z^^ d 
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L h \Mr:™iri; i ;: ae 1 ::u ) t bo T d ° nto the — ^ — • 

342b, with each tube accommodating a f * ° f **« 342a and 

package. m thxa implementation, which represents a 
implementation, a single tube ias L re P re sents a current 

- — - :r : ? £f r ; 

7B will be denoted by the , "flotation of Figs. , A and 

—.on j;™ ~ r;:::: a r h ;r - the 

—e , » -■tl^^t^r^ of 

shown, . Ihe backside of laser chip in i • v, 7 "** 
-ctrode 3 55 to effect ^Z^Z^t^Z 

electrode of RF/DC transmission line 350. CtlVS 
5.2 Microwave Shielding 

To modulate lasers at high bit rat P , -I h • 
the impedance of the lasers to the lIse/llT ch s " Se^ r^T" 
Unes are matched to the impedance of the las« r A ^ 
with appropriate thin film resisted ZrlZl drXV *"." d ^""^ 
desired to provide a degree o£ e T "" nt ^ d ^ *<= " 

Unes bet. ^ ~ - ^rpo i ded 

Of arches, which act, in ^^^TJ^ " ^ 
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Fig. 8B is a fragmentary detail view showing a met al trace 3sn 

of signal trace 380 to provide the shielding. 9 

region of H,^'^ iUU3CrateS a ****** refinement on this wherein the 
re gi on of the substrate below the metal trace has been etched to form a 
channel which is filled with a dielectric 385, with a dielel 

f^riiirr" 3 5ii3hciy ~* ° f — - — =- ■ 
loss fortgr::~r G r :rtr:r^: ;;: „ h r lly c r au=tins - 

n • . GHz) and hl 9 h Power 1 watt to 10 

watt, applications. Ih e laser chip is bonded onto microwave substrate 
using a low stress metallisation (for example Ti/PtAu/Ti/Pt/TWTiMuSn 
lolZ „■ thl ^— «/"/ 2 000/40/ 1 „„ /4 „ / 3 0 oo »m, u ing go d^n 

so der. Microwave simulations up to 10 GHz show that cross-talk L about 



5.3 External Optical Interface 

ma representative optical scheme, each laser's output is 
coupled to one of fibers 340,-d. since single-mode optical fiber 

fiber pigtailing to a laser array due to optical mode mismatch, a 

^n '3" anl" 1 3 ° UtPUt 9 " h " ed ^ ^ > oollimating 

fiber " " 2 f ° CUS " ^""^ into L 

fiber. The figure further shows fibers 340a-d fusion spliced to 
respective input ports of a wavelength multiplexer 375. The output port 

0 multiplexer 3,5 is shown as fusion spliced to a compound iso Lo 

1 ho™ T ba °\ re£laCti ° n *** l-« *ip. The isolation bloc, 
optical isolator 3S5. Light is focused by lens 392 into the end of a 
segment ,„ of fiber, which is- connected to a standard fiber 
connector 390. 

Fig. 8D is a fragmentary oblique view showing an alternative 
external conf ignition where an in-line optical isolator 395 
substituted for the compound isolation block shown in Fig. 8A . 

5.4 Configuration with Laser Drivers Inside Module 

altem *■ Fi9 ;- 9 " " £XPl0ded ° blique vlew < not to scale, of an 

HleZt 6 ° f ^ ***** chip module, designated 300". 

Elements corresponding to elements in the implementations of Fi gs 7A 7B 
and 8A wall be denoted by the same reference numeral. m this 
xmplementation, the laser driver chips, denoted 410, are located in very 
close probity (less than 2 mm ) to l aser chi p 10 within the modu I " 
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This configuration has the advantaop t-v, = t- t-i^ 
very compact. However, the laser driver ,H * ±S 

and at this close proximi" ^t^l^.r'^^ & ^ * ^ 

- W driver. may influence the th^l^L 
the multi-wavelength laser chip, despite the use of TEC 330 for 
laser temperature control. To solve this problem separate th T 
for the laser chip and the laser drivers wL utilil d ll TZl 

- ~ - ™ t: ™ 420 ' ~ 

a sec ot thermal isolation elements 425. 
5.5 Laser Drivers 



Tne multi-wavelength DPB laser S rr=v h=„ 
imp) fo,- m,. i , . y a col ""°n substrate 

(IIP) for the lasers, so drivin 9 the individual lasers is difficult d„. , 
this common oathode oon £ig uration. This oa„ he solved by u ^ f '° 
commercial laser driver circuit in conjunction with an eL la IZllt 
mirror Circuit. This external current mirror circuit acts as a current 

allo " s the c " hode of the ^ — - te « - ™ 

in co • * iS \ 10A Sh °" s a =°™»ly available laser driver circuit 450 
m conjunction with a bias circuit 455, connected to one of the la er 
say laser iOa, in the laser chip, m this implementation, bias » t 
455 is a current source, where a „ drive transistor configuredTa 

IZZT"™ ^ ^ CUriMt SOUr=e - Tte ™= sullies 

the max mum operating current to the laser. When the laser driver ou put 

normaily obtained from the J^t^^.^^ 
current is thus the difference between the current source current and the 

aser driver current. The above-mentioned approach represent ce-st 
effective and efficient „, y of driving laser diodes made on n, spates 
Fig. 10B shows an alternative approach where the bias circuit' 

tzz e 4 :r;o:i: ludes an ^ ^ ~ - 

oe suitable if active components are to be avoided. 

With properly chosen bias values, the existing feedback 
control inputs to the laser driver circuit can be used as well Z n 

hen does this circuit provide superior drive capabilitj 2 " t I ^ 
the use of existing drivers in this application if desired. 

S.O System Applications 

provide " Ul f -" aVelen3th laa « *P <* present invention 

provides a number of advantages, in WDM system applications. As mentioned 
above discrete laser chips can have their individual waveleng hi "ned 1 
junction of temperature. However, wavelength monitoring is ^Iive 
and so economies are sometimes taken by monitoring a subset of tte 
wavelengths in a WDM system, Given that the individual lase in the 
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multi -wavelength laser chip were f ahr-i M v ^ . 

operate under tightly coupld condi^onT " " <*» U "~ — 

on ly one of the »ulti-„ay,l e „ g t" =n B " V""" " """^ - 
and Pliable than m onitori» 9 Ti£? t l^l" ^ '° * 

^^j-a 1 !:::;:-— ^^^-rr-- 

an e™bo d i m ent of thl I Z ^ ™' ** » 

network. These are o„!y reprint t ! m ° dUle in * l0 ° al 

« the ^^^rz^:^^^ depi ™ 

7 . 0 References 

U.S. Patent Documents (hereby incorporated by reference! ■ 
Patent number year Author Y ' 

OS 4,517,280 1985 ~ Sssianee 

US 4,748,132 o kam otoetal. surcitco 

D s4,a 46S5 2 "Sr aetai - Hitaohi 

US 5,413,834 199s L„ Mr P °™ 

Koch e.t al. AT&T 

Foreign Patent Documents (hereby incorporated by reference) • 
323845410/1991 Japan rererence) : 

Non-Patent Publications (hereby incorporate, by reference,: 

Phyaic. Letter 55 , s) . ^ 1""^.^° ^' ' 

-v^" ^■^^^^ „e!l 20- 

April 1592, pp. 824 - 826. «»ys, Electronics Letters 28, 23 

-^"llr^cs'^ 

Of Vac. Technology B 10, ^X^^.T " ^ 

« (3), 18 January 1993, pp. 2 2 2 22 T APPlled LS "" 

pp. £r u :r- ieee t — •< — — ,n, 1Ma 

8 . 0 Conclusion 

prides JZ^z^r^zr th ; ™ 

wavelength semiconductor laser on pf n d 2 H Ts ^ * 

-ese benefits g e„erally „ithin the ^T^^ 1 ^^ 



"""""^ PCT/LS98/19178 

26 

processing technology. The use of a phase ™ sk „ ith nomal illumlnacion 
prov^ee great flexibility in the grating configuration,, while allowing 
extremely fine features to be produced. 

While the above is a complete description of specific 
elements of the invention, various modifications, alternative 
constructions, and equivalents may be used. Therefore, the above 
description should not be taken as limiting the scope of the invention as 
defined by the claims. 
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1 1. A method of forming a phase mask for use with light of a 

2 particular wavelength, the method comprising the steps of: 

3 providing a substrate having a layer of phase-shifting 

4 material thereon; 

5 coating the layer of phase- shifting material with a resist 

6 material; 

t patterning the resist material using electron beam or ion beam 

8 lithography to define a mask grating pattern with submicron pitch; 

9 etching the exposed phase-shifting material to expose 

10 substrate material; and 

11 removing the resist material to reveal regions of phase- 

12 shifting material alternating with regions of exposed substrate material 

13 according to the mask grating pattern. 



2. The method of claim 1 wherein the layer of phase-shifting 

2 material causes light of the particular wavelength passing through the 

3 substrate and a given region of phase-shifting material to be 180 degrees 

4 out of phase with lig ht of the particular wavelength passing through an 
b adjacent region of exposed substrate. 

1 ^ 3 . The method of claim 1 wherein the resist material is a 

2 multi-layer structure. 

1 . 4 . The method of claim 1 wherein the mask grating pattern 

2 includes a plurality of mask grating pitches. 

1 5 . The method of claim 4 wherein the plurality of mask 

2 grating pitches are in separate regions of the phase mask. 

\ . , 6 - The rae thod of claim l wherein the mask grating pattern 

2 includes a phase shift corresponding to half the mask grating pitch. 

\ 7 " Th = method of claim 1 wherein the mask grating pattern 

2 includes at least one curved grating pattern or at least one grating of 

3 continuously varying pitch. 

1 8 . The method of claim 1 wherein the patterning step is 

2 carried out using multiple passes at a partial dose to reduce sub-field 

3 and field stitching errors. • 

1 9. ■ The method of claim 1 wherein the etching step includes 

2 submicron anisotropic reactive ion (magnetron enhanced) etching of the 

3 exposed phase-shifting material utilising a gas mixture including chlorine 

4 and oxygen. 
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10. The method of claim 9 wherein the gas mixture includes 
80%-90% chlorine and 10% -20% oxygen. 

11. The method of claim 1 wherein: 

the resist material includes germanium; and 

the patterning step includes removing native germanium oxide 
with deionized water, followed by an isotropic reactive ion etching of the 
germanium with carbon tetraf luoride gas. 

12. The method of claim l wherein: 

the resist material includes silicon; and 

the patterning step includes an isotropic reactive ion etching 
of the silicon with carbon tetraf luoride gas. 

13. The method of claim 1 wherein the patterning step 
includes etching the resist material with oxygen- gas. 

14 . The method of claim 1 wherein the submicron pitch is less 

than 400 nm. 

15. A method of forming a phase mask for use with light of a 
particular wavelength, the method comprising the steps of .- 

providing a substrate; 

coating the substrate with a resist material ; 

patterning the resist material using electron beam or ion beam 
lithography to define a mask grating pattern with submicron pitch; 

etching the exposed substrate to a specified depth; and 

removing the resist material to reveal regions of etched 
substrate alternating with regions of unetched substrate material 
according to the mask grating pattern; 

wherein the specified depth is such that light of the 
particular wavelength passing through a given region of etched substrate 
as 180 degrees out of phase with light of the particular wavelength 
passing through an adjacent region of unetched substrate, 

16. The method of claim 15 wherein the resist material is a 
multi-layer structure. 

17. The method of claim 15 wherein the mask grating pattern 
includes a plurality of mask grating pitches. 

18. The method of claim 17 wherein the plurality of mask 
grating pitches are in separate regions of the phase mask. 

19. The method of claim 15 wherein the mask grating pattern 
includes a phase shift corresponding to half the mask grating pitch. 
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includ , V' m£th0d ° f Claim 15 WhSrein thS mask 9 ratin 9 Pattern 

includes at least one curved grating pattern. 

21. The method of claim 15 wherein the patterning step is 

™ ir:;: 1 : 9 muitipie — at * ^ — - ^c^d 

and field stitching errors. 

22. The method of claim 15 .wherein the etching step includes 
reactive ion etching with a gas mixture including carbon tLrafL^ 1 

95%~ 98 % carb^n'ter.r^ ^ Claim " *** *** 

as* S8% carbon tetraf luonde and 2%-5% argon. 

24. A method of fabricating a desired device grating 
structure in a semiconductor optical device, the device grating structure 
having features charactered by one or more desired pit! values ^ 
method comprising the steps of: 

• P f°f din9 " PhaSe maSk havi ^ a corresponding mask grating 
s rue ure with features corresponding to the desired device grating 
s ructure but charactered by one or more pitch values, each pitch value 
of the mask grating structure being twice the corresponding pitch value If 
the desired device grating structure; 

alternate T • ' "T" ^ ^ fracture being defined by 

alternating regions having alternating fi rst and second optical 
thicknesses; 

providing a substrate having at least portions of the 
senuconductor device forced therein, said substrata being covered with a 

photoresist material; 

substrate; diSP ° Sing ^ ^ mask - - contact with the 

MT+ . n illurainatin 3 the phase mask with normally incident light of a 
particular wavelength so as to expose the photoresist on the subslate 

the particular wavelength being such that light of the 
particular wavelength traveling through one of the alternating regions of 
the phase mask and light traveling through an adjacent one of the 
alternating regions of the phase mask are 180 degrees out of. phase- 

whereupon the light encountering the photoresist is 
characterized by an intensity distribution having pitch values that are 
half the corresponding pitch values of the mask grating features, which 
intensity distribution corresponds to the desired device grating 
structure; a 

developing the photoresist; and 

etching the substrate to impose the desired device gratina 
structure on the substrate. gracing 
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1 25. The method of claim 24 wherein the phase mask features 

2 are defined by alternating regions of (a) a phase -shifting material on a 

3 substrate material, (b) the substrate material without phase-shifting 

4 material . 

1 26. The method of claim 24 wherein the phase mask features 

2 are defined by etched regions of a mask material alternating with unetched 

3 regions of the mask material. 

1 27. The method of claim 24 wherein each pitch value of the 

2 desired device grating structure is less than 200 nm. 

1 28. The method of claim 24 wherein the normally incident 

2 light is coherent. 

1 29. The method of claim 24 wherein the normally incident 

2 light is incoherent. 

1 30. A high power unstable resonator laser including a curved 

2 grating manufactured by method of claim 24 in combination with a laser 

3 diode having curved facets. 

1 31. A vertically focused laser for launching light into a 

2 remote optical fiber comprising a curved grating fabricated according to 

3 the method of claim 24 in combination with a laser diode. 

1 32. In a method of producing a semiconductor laser diode chip 

2 having a semiconductor substrate and a multi-layer laser structure formed 

3 on the substrate, the improvement comprising producing a low stress, 

4 dense, and low hydrogen content silicon nitride layer using a plasma 

5 enhanced CVTJ process. 

1 33. In a method of producing a semiconductor laser diode chip 

2 having a semiconductor substrate and a multi- layer laser structure formed 

3 on the substrate, the improvement comprising producing a layer of organic 

4 cyclotene as an insulating layer. 

1 34. A method of establishing reliable metallic content to p- 

2 doped semiconductor comprising: 

3 sequentially depositing layers of titanium, titanium nitride, 

4 platinum, and gold. 

1 35. A method of establishing reliable metallic content to 

2 n-doped semiconductor material comprising sequentially depositing layers 

3 of nickel, germanium, gold, nickel, silver, and gold. 
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„ „ . ^ method of establishing reliable metallic content to n- 

doped semiconductor Serial comprising sequentially depositing layers of 
germanium, gold, nickel, tungsten silicide, titanium, and gold 

37. In the fabrication of a semiconductor laser having at 
least one light transmitting facet, the improvement comprising removing 
native ox.de on the facet using a low-power, broad-area argon ion beam or 
using a low-energy, low-pressure electron cyclotron resonance to produce 
sequential hydrogen, nitrogen, and argon plasmas. 

38. A laser diode chip comprising: 
a semiconductor substrate; 

a multi-layer laser structure formed on said substrate, said 
laser structure bounded by an upper surface having a first and second 
spaced trenches defining a ridge waveguide therebetween, said ridge 
waveguide extending along a direction of light propagation; and 

first and second metal shoulders formed on said outer surface 
at locations proximate said trenches and separated from said ridge 
waveguide by said trenches, said shoulders extending above said top 
surface so as to protect said ridge waveguide. 

39. The laser diode chip of claim 38 wherein said laser 
structure includes a grating disposed below said ridge waveguide said 
grating being disposed in a plane parallel to said upper surface' and 
having grating lines extending in a direction perpendicular to said 
direction of light propagation. 

40. The laser diode chip of claim 39 wherein said laser 
grating structure includes a phase shift region corresponding to half the 
grating pitch. 

41. The laser diode chip of claim 39, and further comprising 
at an additional laser structure formed on said substrate, said additional 
laser structure including an additional ridge waveguide and an additional 
grating disposed below said additional ridge waveguide, said additional 
grating having a different pitch than said first -mentioned grating. 

42. An antiref lection coating for laser diode facets 
comprising Ta 2 0 5 (tantalum oxide) and A1 2 0 3 (aluminum oxide) . 

43. A laser chip module comprising: 

_ a housing having a plurality of pins for communicating signals 
from outside said housing to within said housing; 

dielectric substrate mounted in said housing, the substrate 
having an upper surface and a metallized lower surface; 

a laser chip mounted to said upper surface'of said substrate- 
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7 first and second conductive signal lines on said upper surface 

8 of said substrate, said signal lines extending from particular first and 

9 second input pins to respective locations at or near said laser chip; 

10 the substrate being formed with metallized via holes 

11 electrically connected to said metallized lower surface, said via holes 

12 forming a pattern such that each of said signal lines has a plurality of 

13 via holes on either side and at least some of said via holes are located 

14 between said signal lines; and 

15 metal structures located above said substrate and electrically 

16 connected to said metallized lower surface by said via holes. 

1 44. The laser chip module of claim 43 wherein said 

2 transmission lines are of constant width. 

1 45. The laser chip module of claim 43 wherein said metal 

2 structures include metallized traces on said substrate and contacting said 

3 via holes . 

1 46. The laser chip module of claim 44 wherein said metallized 

2 traces are of constant width. 

1 47. The laser chip module of claim 44 wherein at least one 

2 of said metallized traces is tapered. 

1 48. The laser chip module of claim 43 wherein: 

2 said pattern of via holes include pairs of via holes 

3 distributed along each of said signal lines; and 

4 ' said metal structures include wire arches extending from 

5 respective via holes on one side of said signal lines to respective via 

6 holes on the other side of said signal holes . 

1 49. The laser chip module of claim 43 wherein the number of 

2 laser diodes is eight or higher. 

1 50.- A network including nodes connected by fiber optic links, 

2 at least one link being terminated at a node with WDM equipment, the 

3 improvement wherein terminal equipment optically coupled to said WDM 
\ equipment comprises: 

a multi-wavelength laser module having a multi -wavelength 
ridge laser diode array chip for providing independently modulated light 
at a plurality of wavelengths . 
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